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infarcts in humans. Al- 
has been irsed to measure the size of canine 
nfarcts (5), infarct size in humans has not been 
rpose of the present study was to 
imaging with use of a standardized 
s&ted analysis allows a 
noninvasive assessment of i farct size in a group of patients 
having coronary arteriography and quantitative left ventric- 
ulography after acute myocardial infarction. 
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ts. The study group consisted of a total of 26 
0 men, 6 women) with recent 
ed as the development of new 
electrocardiogram (E together ‘th an elevation of 
serum creatine kinase ) and CK 
least hree times normal. These patients were also part of a 
study of thrombolytic therapy in acute myocardial infarction 
in which they underwent coronary angrography and left 
ventriculography within 6 h of the onset of chest 
treatment with either streptokinase or recombina 
type plasminogen activator. The mean ageof the group was 
53 2 8 years (range 31 to 69). No patient had evidence of 
previous myocardial infarction by either history or ECG All 
patients gave informed consent a is study was approved 
by the hospital’s Committee for 
res 
after myocardial infarction. Images were obtained with a 
superconducting magnet (Teslacon, General Electric C 
operating at a field strength of 0.6 
proton resonance frequency of 25 z. All studies were 
performed with use of 2 55 cm body coil. Spatial encoding 
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was achieved with a two-dimensional Fourier transformation 
technique and 128 Y phase encoding gradients. Images were 
acquired with use of a spin-echo pulse sequence with a pulse 
repetition time (TR) determined by the heart rate. Pulse 
sequences were either multiecho r single echc. Software 
capabilities pemiiicd the acquisition of either asingle ske 
or a multi&e “stack” of images. Images were obtained 
with two signal acquisitions. Slice thickness was I .5 or 1 .O 
cm with a in-plane acquisition resolution of 1.6 mm. Data 
were displayed in a matrix of 256 (interpolated from 128) 
vertical by 256 horizontal picture elements using 256 shades 
of gray. 
Electrocardiographic gating was accomplished using a 
telemetry system using three standard electrodes on the 
limbs with nonmagnetic lead wires. The time of image 
acquisition was determined by setting a physiologic gate 
delay after the R wave. Single slice images were acquired at 
end-systole, which was considered to occur at the peak of 
the T wave, whereas multislice images were acquired at 
different phases of the cardiac cycle. 
As previously described, a standardized imaging protocol 
was developed from preliminary studies in our laboratory 
(lo), allowing images to be obtained in the true short axis of 
the left ventricle, i.e., in a plane perpendicular to a line 
drawn between the aortic valve and left ventricular apex. 
With use of this method a multislice stack of screening 
images (time to echo [TE] = 30/60 ms) of the left ventricle 
was first obtained. Next, a series of contiguous, ingle cho 
(TE = 60 ms), sir& slice, end-systolic images of 1.5 or 1.0 
cm thickness from base to apex was acquired for infarct size 
measurements. This sequence, with between four and eight 
tomographs of the left ventricle, was completed in approxi- 
mately 20 to 40 min. All patients included in the study were 
fully cooperative and did not move during the study. Total 
imaging time for this protocol was approximately 1 h. 
Nuclear magnetic resonance image analysis. Magnetic res- 
onance images were interpreted by two experienced review- 
ers who knew that the patient had a previous myocardial 
infarct but did not know the ECG or angiographic findings. 
TWO criteria were used todetermine which images were of 
acceptable quality for analysis: lack of motion artifact and 
completeness of imaging data. Technically adequate images 
were obtained in 20 (77%) of the 26 patients; the other 6 
patients were excluded from further analysis. 
The presence of myocardial infarction on the T,-weighted 
(TE = 60 ms) end-systolic NMR images was determined by 
quantitative measurement of signal intensity, according to a 
method we developed in a previous tudy (11). This study 
showed that he ratio of signal intensity of infarcted myocar- 
dium to adjacent skeletal muscle was 2.5 + 0.3, whereas the 
ratio of normal myocardium to skeletal muscle was 1.4 + 
0.4. Accordingly, inthis study we defined myocardial infarc- 
h as a region of myocardium with a signal intensity at least 
l-9 times the signal intensity of adjacent skeletal muscle, 
The site of infarction was compared irectly with the 
location of abnormal regional wall motion on the right 
anterior oblique ventriculogram, according to a method 
developed in our laboratory (12). 
AnghJgraphic proteco?l an alysis. Cardiac atheteriza- 
tion was performed within 6 h of the onset of chest pain and 
repeated at 10 days. Selective coronary angiography and left 
ventriculography were performed at both procedures. The 
site of acute myocardial infarction as determined by the ST 
segment elevation on the ECG was correlated with the site of 
coronary artery occlusion and the region of severe hypoki- 
nesia on the left ventriculogram in both the right an 
anterior oblique projection. Measurement of infarct 
made by quantitating the length of severe hypokinesia (de- 
fined as the end-diastolic ength with motion <2 SD below 
normal) on the right anterior oblique left ventriculogram at 
10 days, using the centerline method described by Sheehan 
et al. (13). Ventricular wall motion on the left anterior 
oblique ventriculogram was not assessed quantitatively be- 
cause foreshortening of the ventricle in this projection pre- 
vented accurate measurement of the severely hypokinetic 
segment length. All angiograms were assessed by two ob- 
ent of the NMR images. 
of infarct volume. The single slice 
ms images were transferred toa VAX/ 
computer by magnetic tape. The slices were displayed on a 
DeAnza video frame-buffer, a egion of interest selected and 
zoomed by a factor of two for purposes of display. An 
example of the resultant image is shown in Figure la. 
The infarcted region was then outlined with use of a 
semiautomated edge detection computer program. This 
program allows the operator to control the position and 
width of an intensity range. Pixels with intensities within this 
range are visually highlighted by the program and the user 
manipulates these thresholds interactively until the high- 
lighted portion best defines the infarct, (Fig. lb). The user 
then marks the first point of the outline by placing acursor 
on the edge of the highlighted object (in this case, the infarct) 
and the program selects points along the boundary between 
the highlighted and nonhighlighted region, proceeding as 
follows: A candidate pixel is chosen at a distance from the 
current point equal to the diameter of the cursor (the 
operator sets the size of the cursor and can thereby control 
the size of each line segment and the fineness of the resultant 
contour). The program determines that a pixel is on the 
object if its intensity is within the user-specified range; 
otherwise it is off the object. If the candidate pixel is off the 
object, the line segment between the current point and the 
candidate point is rotated counterclockwise around the 
current point, checking new candidate 
object is detected. Alternatively, if the 
is on the object, the line segment isrotated clockwise to find 
the last pixel on the object (before a pixel off the object is 
detected). This pixel is then on the boundary of the high- 
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Patient 2 
alysis of 
Short-axis mage 0
he papillary muscles 
from the apex. Mote 
ving the inferior wall 
Same image witn the 
lighted by the edge detection pro- 
gram. c, The edge cf the infarct 
traced by the computer 
Three-djme~s~~~a~ regresenta’rion of 
the infarct outlines. 
ted region and becomes the 
algorithm continues in this fashion ntil the first line segment 
is inte d and the tracing is complete (Fig. Is). 
Ah the program allows the operator to ove the 
selection of points along the h~gbl~ghted boundary any 
portion of the tracing, the sharp “shoulder” of the infarcted 
region on most of the images permitted the program to trace 
the major portion of the region independently. However, it 
was necessary for the user to intervene in cases where the 
epicardial fat was contiguous to the infarcted region and was 
defined by pixel intensities within the same range. In this 
situation, the program was unable to distinguish between the 
infarct and the epicardial fat so the operator interactively 
traced that portion of the contour. The operator alsc pro- 
vided a calibration factor, allowing the program to transIate 
the pixel positions into centimeters. 
Another procedure stacked the outlines of successive 
slices at z positions calculated from the slice thickness. 
creating tbe three-dimeasio~a~ representation f the infarct 
(Fig. Id). The application ofSimpson’s rule to the calibrated 
sections yielded the computed volume of the infarct. 
istics. Data are expressed as mean values + SD. The 
correlation coefficient and linear regression equation were 
rd fashion. For all compa~so~s, 
red statistically s~g~i~ca~t if the 
~robabj~ity (p) value was <5.05. Inter- 
variability were calculated using the proc 
in SAS (14). 
e 26 patients tudied, 20 had complete PI 
for analysis and the results from these patients are pre- 
(Ta 
of infarction was anterior in eight patients, inferior in nine 
and posterior in three. With use of the specific riteria for 
presence ofmyocard~al infarction, Tz-weighted NMR imag- 
all infarcts. Figure 2 
, the “stacked” infarct contours and 
dtient with an exten- 
sive anterior infarct. 
Seventeen of the 20 patients had successful coronary 
reperfusion 4.2 t 0.6 b after the onset of chest pain. There 
was no difference between the signal intensity ratio of 
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Table 1. Detection and Locdization of Myocardial Infarction by Nuclear Magnetic Resonance Imaging (NMR) in 20 Patients 
Patient Age 
No. (yr) 
I 41 
2 56 
3 48 
4 38 
5 57 
6 65 
7 69 
8 55 
9 51 
IO 62 
II 43 
12 56 
I3 50 
I4 58 
IS 55 
I6 49 
17 59 
I8 60 
I9 41 
20 61 
ECG Leads With Q 
Waves 
111. aVF, tall R V,-V2 
II, III. aVF 
11, III, aVF 
II, III, aVF 
It. 111, aVF tall R VI-V2 
VI-V, 
VI-V, 
II. 111, aVF 
Il. 111. aVF 
VI-V5 
tall R VI-V, 
II. HI, aVF. V, 
II. Hi, aVF 
VI-v3 
v,-VI 
II, IH. aVF. tall R V, 
V,-V, 
II. IH. aVF 
VI-v4 
v,-v3 
Infarcl- 
Related 
Artery 
LCX 
RCA 
RCA 
RCA 
LCX 
LAD 
LAD 
RCA 
RCA 
LAD 
LCX 
RCA 
RCA 
LAD 
LAD 
RCA 
LAD 
RCA 
LAD 
LAD 
LV Wall Motion 
Post Hk 
Inf Hk 
Inf Ak 
Post, inf-septal Hk 
Inf, post, apical Ak 
Ant, apical Ak 
Ant, apical Ak 
Inf Ak 
Mid-inf Hk 
Ant, apical Ak 
Post, Inf Ak 
Inf Ak 
Inf Ak 
Ant. apical Ak 
Ant, Ak 
Inf. post Ak 
Ant, apical Ak 
Inf Hk 
Ant, apical Ak 
Ant, apical Ak 
Reflow NMR Ml Sile 
+ Post. inf 
t Inf. inf septum 
t Inf. inf septum 
t Inf 
Post, inf 
t Septum. ant 
t Septum, ant 
t Inf. apical 
t Inf 
t Septum. ant, apical 
Post, inf. apical 
Inf, inf seplum 
t Inf. inf septum 
t Septum, ant, apical 
t Ant. apical 
t lnf 
t Ant. septum, apical 
t Inf 
Ant 
t Ant. septum 
Ak = akinesia; Ant = anterior; Hk = hypokinesia; Inf = inferior; LAD = left anterior descending coronary artery; LCx = left circumflex coronary artery: 
LV = left mntricular; MI = myucardial infarction; Post = posterolateral; RCA = right coronary artery. 
reperfused infarcted myocardium (2.6 f 0.5) and nonreper- 
fused myocardium (2.5 + 0.3). 
Correlation of infarct volume with hypokinetic segment 
length. The mean NMR-derived infarct volume for the 
group was 29 + 11 ml (range 12.3 to 54.4). The quantitated 
left ventricular severely hypokinetic segment length was 
7.5 +- 4.0 cm and the correlation between i farct volume and 
hypokinetic segment length was excellent with a correlation 
coefficient of0.84 and p = 0.0002 (Fig. 3). 
In&&server and intraobserver variability. To estimate 
interobserver and intraobserver variability, another eader 
independently calculated the infarct volume using the com- 
puter method escribed, and then repeated the calculation 
process. The following sources of variability constituted the 
total variation of 157.1 ml: interobserver variability, intraob- 
server variability, patient to patient variability and interac- 
tions of these factors. The interobserver variability of the 
infarct volume was 11.4 ml, which accounted for approxi- 
mately 7.3% of the total variation. The intraobserver vari- 
ability of the infarct volume was 14.8 ml, which accounted 
for approximately 9.4% of the total variation. Thus, the 
intraobserver and interobserver variability were not signifi- 
cantly different, minimizing any problem of using results 
from diiferent observers. 
iscussio 
Currently used techniques for the noninvasive localiza- 
tion and quantitation f myocardial infarction i clude elec- 
trocardiography, echocardiography, measurement of CK 
MB release and imaging with technetium-pyrophosphate, 
thallium-201 and more cently. indium-1 1 l-labeled antimy- 
osin antibody. Limitations inthe accuracy of these tests and 
the use of ionizing radiation i radionuclide studies highlight 
the need for a technique that is not only accurate but 
completely noninvasive (15,16). The advantages of NMR 
imaging for evaluation ofthe heart include high resolution, 
the ability to obtain precisely aligned tomographic images for 
accurate localization and good natural contrast between 
ventricular walls and cavities. 
Previous studies. Several experimental studies have 
shown the potential of NMR techniques for the detection of 
myocardial infarction. Studies of tissue samples in vitro 
(l-3) have demonstrated prolonged spectrometer-measured 
spin-lattice (T,)- and Tz-relaxation times in imfarcted mya- 
cardium relative to normal myocardium. Wesbey et al. (4) 
showed an increase in image-derived T2 in areas of infarction 
in dogs after 2 to 7 days of coronary occlusion, the area of 
infarction appearing as a region of increased signal intensity. 
In an in vitro canine study six h after coronary occlusion, 
Rokey et al. (17) showed agood correlation between infarct 
size estimated by NMR imaging compared with anatomic 
quantification with triphenyl-tetrazolium-chloride staining. 
Recently, investigators (6-9) have shown tbat Tt- 
weighted spin-echo NMR imaging can also detect myocar- 
dial infarction i  humans. In most of these studies, however, 
transaxial image planes were used and infarct volumes were 
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Figure 3. Correlation between the computed NMR infarct volume 
and the quantitative l ft ventricular (LV) hypokinetic segment 
length (y = 2.24x t 12.3, r = 0.84, p = 0.0002). 
not measured. Because of the oblique orientation of the left 
ventricle within the thorax, transaxial images cannot be 
expected to provide optimal display of the ventricular myo- 
car&m because ofthe partial volume phenomenon ( 12,181. 
This source of error is minimized with left ventricular 
short-axis mages as employed inthe current s udy because 
this image plane is very nearly perpendicular to the left 
ventricular wall. 
Caputo et al. (5) obtained accurate measurements of 
canine infarct size using transaxial images. However, this 
study was limited to anterior wall infarcts because it was 
anticipated that the use of the transaxial image plane would 
result in decreased accuracy due to partial-volume effects if
inferior wall infarcts were included. It is probable that even 
anterior wall infarcts would be less accurately measured 
from transaxial images in humans than in dogs because this 
plane is closer to the true left ventricular short axis in the dog 
than in humans. The long axis of the dog heart is approxi- 
mately 45” from the long axis of the thorax (19) compared 
with 57” k 9” SD in a human patient series (12). Thus, the 
potential c inical usefulness oftransaxial images for study of 
infarct size is limited. 
Present study. The current study employed a method of 
patient positioning and gradient angle selection that provides 
optimal imaging of the left ventricular myocardium. The use 
of this method together with quantitative angiographic anal- 
ysis allowed more precise localization ofinfarction than that 
which would be possible from the ECG alone. The l ngth of 
the segment showing severe hypokinesia on the left ventric- 
ulogram, although a functional indicator of infarct size, is 
probably the most accurate invivo measurement wi h which 
to compare the direct anatomic estimation of infarct volume 
derived from NMR images. This is particularly true in 
patients who have had successful coronary thrombolysis, in 
whom measurement of CK MB release may be inaccurate 
(2% It is nonetheless a limitation of this study that it 
compares measurements from an anatomic ross-sectional 
method with data from a single projection f~~ctio~a~ tecb- 
nique, right anterior oblique ventriculograpby. 
ications. With the current emphasis on interventions 
to infarct size, there is a need for a technique that can 
differentiate infarcted from reversibly ischemic myocar- 
dium. Our studies failed to show any differences 
patients with documented coronary re~e~~sio~ 
with failure of thrombolytic therapy with respect to signal 
intensity ratios of infarcted myocardium to skeletal muscle. 
A similar finding was removed by Been et al. (71, who found 
no differences inT, vahtes between patients tre 
tionally and those with core 
their study and our study, 
relatively late after myocardial infarction and it is possible 
that studies in which earlier imaging is performed may reveal 
differences between reperfused and nonreperfused myocar- 
dial infarcts. 
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